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5 Ringwoodite: its importance in Earth Sciences 


5.1 History of ringwoodite 


The history of ringwoodite started in 1869 in a remote locality in the south-west of 
Queensland in Australia. Mr. Michael Hammond witnessed a meteorite shower close 
to the junction between Cooper and Kyabra Creeks (Lat. 25° 30’ S., Long. 142° 40’ E.), 
not far from Windorah (Queensland, Australia) and about 1000 km west of Brisbane. 
The meteorite fall was very impressive and in due course 102 stones were recovered. 
Mr. Hammond was the owner of the Tenham Station and from this the meteorite col- 
lection was named as “Tenham meteorites”. This collection was then offered in 1935 
to the British Museum by Mr. Benjamin Dunstan, formerly Government Geologist of 
Queensland [1]. 

But why does this nice story match with ringwoodite? In 1969, exactly 100 years 
after Mr. Hammond observed the Tenham meteorite fall, R. A. Binns, R. J. Davies and 
S.J.B. Reed published in Nature [2] the first natural evidence of ringwoodite after 
studying a fragment of the Tenham meteorite. Thirty years later Chen et al. [3] reported 
clear images of some lamellae of about 1-2 u in thickness showing a higher density 
than olivine but with identical composition (Fig. 5.1, modified from Chen et al. [3]). The 


Modified from Chen et al. (2004) 


Ringwoodite lamellae 


Fig. 5.1: Back-scattered image of lamellae of ringwoodite in olivine (modified from [3]). The lamellae 
are evident being marked by a brighter grey. The darker grey corresponds to olivine. The blue solid 
lines are reported to indicate the directions along which ringwoodite grew. In white parentheses the 
lattice planes are indicated. The thickness of the lamellae could be on the sub-um scale. 
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X-ray powder diffraction data of the same lamellae inside olivine [2] indicated cubic 
symmetry with the cell edge a = 8.113(3) A. This discovery showed that this new cubic 
polymorph of olivine was identical to the phase synthesized three years earlier [4] at 
about 17 GPa and a temperature estimated to be around 900 °C. This cubic polymorph 
was obtained at experimental conditions typical of deep mantle, demonstrating that 
this phase could be a major component of this layer of our planet. Thus, a proposal 
for a new mineral was submitted [2] to the International Mineralogical Association 
(IMA) leading to approval of this new cubic polymorph of olivine as RINGWOODITE 
(IMA 1969-038). The name was given in honor of Prof. Alfred Edward Ringwood of the 
Australian National University for his experimental studies on petrology, phase trans- 
formations, constitution, and dynamics of the mantle. 

The stability field of ringwoodite falls within the P-T conditions of the so-called 
transition zone. The transition zone extends between 410 and 660 km depth. It does 
not show any complex thermal or chemical structure and is not subject to melting pro- 
cesses, which usually occur in the shallower region of the upper mantle [5]. Accord- 
ing to Frost [6] the transition zone is characterized by some seismic discontinuities 
[7, 8] that should be related to mineral phase transformations. The phase assemblage 
of the transition zone mainly consists of ringwoodite, wadsleyite and majoritic gar- 
net. Fig. 5.2 is a representation of the mineral volume-fraction in this layer (modified 
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Fig. 5.2: Volume fraction of the transition zone between 410 and 660 km showing the three main 
phases ringwoodite, wadsleyite and, majoritic garnet (modified from [5]). In addition to the main 
phases diopside (light green) and in yellow CaSiO3 (likely with walstromite-like structure) are dis- 
played. Above and below the transition zone the upper mantle (dark green) and the lower mantle 
(light orange) are shown. 
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from Frost [5]). The diagram shows that the transition zone is constituted of about 
41% majoritic garnet, about 34% ringwoodite, 23% wadsleyite and the remaining 
2% are CaSiO; and CaMgSi20¢ diopside. In Fig. 5.2 the green area represents about 
60 % olivine, which transforms to wadsleyite at a depth of about 410 km, which in 
turn transforms to ringwoodite at about 525 km [5]. Finally, ringwoodite breaks down 
to ferropericlase (Mg,Fe)O plus bridgmanite MgSiO3 (perovskite-type structure). The 
reader is referred to chapter 4 for a more detailed discussion on structure and sharp- 
ness of the transition zone and thus the actual extension of the ringwoodite stability 
field. 


5.2 Crystal structure and Mg/Fe substitution 


For a better distinction from its lower-pressure polymorphs wadsleyite and common 
olivine, ringwoodite is also known as y-olivine. Wadsleyite and olivine are called [9] 
B-olivine and a-olivine, with Imma and Pbnm symmetry (both orthorhombic), respec- 
tively. Thus, the two former modifications are symmetrically distinct from cubic y- 
olivine of the Fd3m space group. Hereafter we will use the IMA mineral name ring- 
woodite, olivine (group name), and wadsleyite. 

Ringwoodite has the chemical formula (Mg,Fe)>SiO,. The Fe dominant member 
was recently discovered in the Martian meteorite Tissint and named ahrensite ([10], 
IMA 2013-028, in honor of T.J. Ahrens (1936-2010), geophysicist at California Institute 
of Technology). 

The ringwoodite-ahrensite solid solution shows complete miscibility as demon- 
strated by synthetic samples, e.g. [11-13]. Optical and physical properties for the two 
end-members are reported in Tab. 5.1. Ringwoodite and ahrensite crystallize in the 
spinel structure-type with space group Fd3m. For comparison, the crystal structures 
of ringwoodite, olivine and wadsleyite are shown in Fig. 5.3. 


Tab. 5.1: Physical and optical properties for ringwoodite and ahrensite. 


Ringwoodite Ahrensite 
Refractive index n 1.768 1.895* 
Relief High High 
Colour Blue, deep blue, purple Black 
Calculated density 3.56 g/cm? 4.98 g/cm? 
Hardness (Mohs) 7-7.5 


* estimated from the density differences between forsterite-fayalite and ringwoodite-ahrensite 


Ringwoodite and olivine group minerals are both classified as orthosilicates. In these 
minerals, SiO, tetrahedra are isolated and not connected to other tetrahedra. In con- 
trast, the crystal structure of wadsleyite has one oxygen (02) connecting two tetrahe- 
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(a) (b) 
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Fig. 5.3: Crystal structure of ringwoodite (a), forsterite (b) and wadsleyite (c). The structural data 
were from [11], [15] and [16], respectively. The orange octahedra are always relative to Mg, whereas 
the deep violet tetrahedra refer to Si. The red spheres correspond to oxygen atoms. The thin solid 
lines show the unit cell for each polymorph. The structures were drawn using Vesta software. 


dra forming an Si207 group and is classified as sorosilicate. Ringwoodite has only one 
regular octahedron (with all Mg-O distances having the same length). Olivine has two 
(M1 and M2) more irregular octahedra, and wadsleyite has three symmetry indepen- 
dent M1, M2, and M3 octahedra (see Fig. 5.3). 

Already in 1968 Kamb [14] explained on a structural basis, the reason why ring- 
woodite is the stable Mg2SiO, form at high pressure. In case of olivine, wadsleyite, 
and ringwoodite the transformations are not driven by changes in the cation coordi- 
nation number as observed for several other silicates. The olivine structure is based 
upon a non-ideal hexagonal-closest packed arrangement of oxygen atoms, with Si 
in tetrahedral coordination and Mg/Fe in octahedral coordination. In contrast, ring- 
woodite shows a cubic-closest packed arrangement of O atoms with Si and Mg/Fe hav- 
ing the same coordination number as in olivine. In general terms, this arrangement in 
olivine and ringwoodite should at first glance yield similar densities. This, however, 
is not the case. Actually, the density of ringwoodite is about 10 % higher than that of 
forsterite (olivine). We know that the higher density is the main reason for the stabi- 
lization of a polymorph to higher pressure, therefore, it is important to understand 
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the structural reason for the higher density of end-member ringwoodite compared to 
end-member forsterite. The major reason for the density difference is the cation distri- 
bution in the second coordination sphere, considering also metal-metal (Si,Mg) dis- 
tances [15]. The spinel structure exhibits six shared edges among adjacent octahedra 
whereas the olivine structure has on average (M1, M2) three shared octahedral edges 
and additionally three shared edges between MgO¢ octahedra and SiO, tetrahedra. 

Only part of the density difference can be attributed to the average Mg-O distance, 
which is longer in olivine (about 2.120 A, [15]) and significantly shorter in ringwood- 
ite (2.066 A, [11]). According to Kamb [14] the cause can be attributed to the shorten- 
ing of shared polyhedral edges. The c axis in olivine is twice the Mg1-Mg1 distance 
(2.99 A) across the shared octahedral edges whereas along the corresponding direc- 
tion in ringwoodite the distance is only 2.85 A contributing with a factor of 1.049 to 
the increased density (2.99 Åotivinel2-85ringwoodite Å = 1.049). The length of the a axis 
in olivine is affected by the distortion of the SiO, tetrahedron. In particular, the dis- 
tance from base to vertex of the tetrahedron in olivine is about 2.85 Å and only 2.7 Å in 
ringwoodite. Such a difference of 0.15 Å contributes to an elongation of the a axis in 
olivine by a factor of 1.033 (doubled distances: 4.70 Agiivine /4.55ringwoodite A = 1.033). 
If these two factors are combined with the difference in the average Mg-O distance 
(i.e. 2.12 A otivine/2.066 ringwooaite A = 1.027), an increased density d = 3.59 g/cm? is esti- 
mated for ringwoodite relatively to the density of 3.23 g/cm? for forsterite. This simple 
calculation matches the experimental density of Mg ringwoodite. 

The above reasoning can also be applied to the intermediate-pressure polymorph 
wadsleyite (d = 3.47 g/cm?). Wadsleyite is considered a spinelloid and as such also 
based on a distorted cubic closest packing of O. M1 and M2 octahedra have six shared 
edges while M3 has seven. The average Mg-O distance in wadsleyite is 2.082 A [16] 
while Mg-O in ringwoodite is 2.066 A. This difference contributes to an increase of 
ringwoodite density by only 1% (i.e. 2.082 Avwadslevite /2.066ringwoodite Å = 1.01). Along 
the b axis wadsleyite has a distance between Mg1 and Mg2 equal to 2.870 Å, which is 
slightly longer than that of ringwoodite along a corresponding direction. This differ- 
ence only justifies a density increase by about 0.7 % (2.870 Åwadsleyite [2.850ringwoodite A 
= 1.007). However, along a direction close to [111] in wadsleyite the distance Mgl- 
Mg3 is 2.902A, while in ringwoodite the corresponding distance is only 2.850A 
(2.902 Aotivine /2.850ringwoodite Ä = 1.018). Thus, starting from the density of wadsleyite 
d = 3.47 g/cm?, multiplied by 1.010 x1.007 x1.018 leads to d = 3.59 g/cm? for ring- 
woodite, again a perfect match with observation. 

The structural parameters of ringwoodite and ahrensite are reported in Tab. 5.2. 
The available data on ringwoodite-ahrensite were collected [17] on synthetic samples 
as no natural crystals suitable for structural investigation have been found so far. 
This could be important to better understand whether in the Earth mantle the octahe- 
dral site in ringwoodite and ahrensite can be partly occupied by Si replacing Mg/Fe. 
Si in octahedral coordination, indeed, is a remarkable feature of some high-pressure 
minerals like majoritic garnet (i.e. [18, 19]) and stishovite (the high-pressure poly- 
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Tab. 5.2: Crystal-structure parameters for ringwoodite (Mg2Si0,) and ahrensite (Fe2SiO,). 


Mineral Celledgea Oxygen Si Mg SI-O(Ä)  Vsiog Mg-0(A) Vugos 
(A) coordinate coordinate coordinate (A3) (A3) 
uQ=y=z) (x=y=2) (x=y=2) 
Ringwoodite 8.0709(2) 0.2441(1) 0.125 0.5 1.6650(5) 2.369(2) 2.0664(3) 11.727(5) 
Fe Fe-O(Ä) Vpeos 
coordinate (A?) 
= y=2) 
Ahrensite 8.2312(2) 0.2420(4) 0.125 0.5 1.668(6) 2.382(10) 2.125(4) 12.732(34) 


Notes: ringwoodite data were taken from [11], whereas the data for synthetic ahrensite are from [17] 


morph of silica has Si only in octahedral coordination with average Si-O distance be- 
ing 1.775A, see [20]). In particular, the case of majoritic garnet is of special impor- 
tance as this phase is thought to be the most abundant phase of the transition zone: 
a typical natural majoritic garnet with respect to the ideal synthetic end-member, 
Mg; Y!(MgSi)Si301>, shows in the octahedral ”’(MsSi) site about 0.3-0.4 Si atoms per 
formula unit (apfu) based on 12 O, Al close to 0.9-1.0 apfu, Fe?* close to 0.5 apfu and 
some Ti** [19] However, Nakatsuka and coauthors [18] studying the structural change 
along the synthetic join MgSiO3 - Mg3Al)Si3012 found that for Si between 0.24 and 
0.38 apfu the typical garnet symmetry Ja3d changes to tetragonal I4,/acd. This was 
confirmed by diffraction data and supported by optical evidence. Independent of sym- 
metry, in majoritic garnets Si occurs in both tetrahedral and octahedral coordination. 

Ringwoodite synthetized at 20 GPa and 1400 °C may contain about 4% of Sitot at 
the octahedral site [21]. The presence of six-coordinated Si could be favored by high 
temperature [12] under these mantle-like pressure conditions. Surprisingly, for the Fe- 
richer samples Si does not show any tendency [11] to enter the octahedral site. It has 
not yet been investigated whether Si/Mg disorder is a peculiar characteristic of syn- 
thetic samples or whether it is also typical of natural samples. Hazen and coauthors 
[11] propose for their synthetic Mg end-member ringwoodite the crystal chemical for- 
mula (Mg1.965io.04)(Sio.96M&o.04)0, and infer a double substitution "’Mg2* + /Si4+ = 
IVMg?* + {Sit to maintain charge balance. 


5.3 The effect of water on the crystal structure of ringwoodite 


In 1987 Smyth [22] suggested that hypothetically wadsleyite, the polymorph stable in 
the transition zone together with ringwoodite and majoritic garnet, could host a con- 
siderable amount of water and therefore possibly act as a significant mantle water 
reservoir. Although, there was actually no evidence of water (in terms of OH groups) 
in wadsleyite, Smyth [22] claimed that if this could be demonstrated then it could 
have substantial consequences for geophysical and geochemical models of the up- 
per mantle. Just some years later, up to 3.1 wt.% H20 in wadsleyite were experimen- 
tally demonstrated [9, 22, 23], confirming the hypothesis [22] about the capacity of 
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such phases to host substantial amounts of water. At the same time, experimental ev- 
idence [9] demonstrated water solubility up to 2.7 wt.% H20 in terms of OH groups in 
ringwoodite. 

In the decade from 1985-1995 several experimental studies dealing with the syn- 
thesis of dense Mg-silicates focused on water storage under mantle conditions [24]. 
However, among all hydrous Mg-silicates only wadsleyite and ringwoodite could 
have a significant impact on the mantle geophysics and geochemistry and thus most 
projects focused on these two phases. 

In the first study dealing with the influence of water on the ringwoodite structure, 
Smyth and coauthors [25] investigated seven samples of hydrous ringwoodite with 
compositions between Fo100 and Fogg and H20 contents between 0.2 and 1.1 wt.% [a 
typical composition of their sample was Mg1.633 Fe 31 Fe}')1¢Si0.999(Ho.174) Ou). The 
samples, synthesized from 18 to 22GPa and 1400 to 1500 °C, were analyzed by single- 
crystal X-ray diffraction, Fourier-transform infrared (FTIR) spectroscopy, Mössbauer 
spectroscopy, wave length dispersive spectroscopy (WDS) using an electron micro- 
probe, and transmission electron-microscopy (TEM). It could be shown [26] that the 
principal hydration mechanism involves octahedral cation vacancies with the occu- 
pancy ofthe octahedral site appearing to decrease systematically with H content. 

Results of Mössbauer studies indicated that Fe?* is negligible (i.e. maximum con- 
tent 0.026 apfu) and thus does not affect the crystal structure. The influence of Fe?* on 
the structure of ringwoodite has already been discussed in the previous section. Let 
us consider the H-richest ringwoodite sample [25] SZ0104 with the chemical formula 
Mg1.633Fe3533 Fest Sio.999 (Ho. 174)O„, which contains about 1.1 wt.% H20. 

For anhydrous ringwoodite, complete replacement of Mg by Fe?" (i.e. ahrensite 
end-member) causes an increase of the octahedral M-O (M = Mg/Fe) bond lengths 
by about 0.0006(3) A/(0.01 molar fraction). Therefore, an increase in M-O = 2.0736A 
should be expected due to the Fe content in SZ0104, which is 0.129 in molar frac- 
tion. Instead the M-O bond length for hydrous ringwoodite SZ0104 is considerably 
longer with M-O = 2.0809(6) A. The same logic applies to the unit-cell volume, which 
for a ringwoodite with starting composition Mg1.742F€o.248, like SZ0104, should be 
529.85(10) Ä3; instead the observed volume is 532.49(7) Ä3. Thus, in ringwoodite con- 
taining 1.1 wt.% H20 the M-O distance is increased by 0.007 Å and the unit-cell volume 
by 2.6 A3. 

More recently [24], Fe-free hydrous ringwoodite hosting 2.5 wt.% H20 (measured 
by secondary ion mass spectroscopy) revealed a similar effect of H20 on its crystal 
structure: the Mg-O distance increased by 0.006 A and the unit-cell volume by 2.09 Ä3, 
relative to the prediction for the anhydrous composition. Panero et al. [26], studying 
similar samples at different pressure and temperature conditions, found different sub- 
stitution mechanisms for OH groups in the ringwoodite structure. Both the Mg octa- 
hedra and Si tetrahedra may host H by a typical hydrogarnet substitution [26]. An 
increase in the unit-cell volume of 2.09 A? due to 2.5 wt.% H20 in ringwoodite corre- 
sponds to an expansion caused by a temperature increase of 140 °C. 
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5.4 Ringwoodite stability field 


The Mg2SiO,-Fe2SiO, system was studied at 1400°C as a function of pressure and 
Fe/(Fe+Mg) ratio [6]. For the Mg end-member olivine transforms to wadsleyite slightly 
above 14 GPa and wadsleyite transforms to ringwoodite at about 20 GPa (Fig. 5.4). With 
increasing Fe the average transformation pressure decreases and at the same time the 
transformations occur within a significantly broader pressure interval. In general, it 
is observed (Fig. 5.4) that at 1400 °C the minimum pressure at which ringwoodite can 
exist reduces from 20 GPa for the pure Mg end-member to only about 6 GPa for the 
pure Fe end-member. 


Pressure (GpP) 


60 0.2 0.4 0.6 8 1 
Mg,SiO, Fe,SiO, 


Fig. 5.4: Mg>Si0,-Fe2 SiO, stability field calculated at 1400 °C as a function of pressure (modified 
from Frost [6]). 


For Mg/Fe compositions typical of the mantle chemistry (i.e. (Mgo.9Feo.1)2SiO4) at 
1400 °C the wadsleyite to ringwoodite transformation was calculated [6] to occur at 175 
to 18.5 GPa for the Mg-richer composition and at 15 to 16.5 GPa for the Mg-poorer com- 
position. H20 and Fe’* are predicted to have little effect on the wadsleyite-ringwoodite 
transformation as they have similar solubility in both wadsleyite and ringwoodite [6]. 

Thus, ringwoodite and wadsleyite can coexist between 16.5 and 17.5 GPa (about 
495 and 525 km depth) at 1285 °C and between about 177 and 18.7 GPa (about 531 and 
560 km depth) at 1470 °C. The maximum pressure at which ringwoodite can still exist 
(where wadsleyite is no longer stable) is defined by the ringwoodite breakdown to 
ferropericlase + bridgmanite, which is widely agreed to occur at an average depth of 
660 km with an uncertainty of about 30-50 km (i.e. [5]). 
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5.5 Thermo-elastic properties of ringwoodite 
5.5.1 Bulk modulus 


The bulk modulus, defined as K = -VoP/oV, is a key thermodynamic parameter be- 

ing the inverse of compressibility, which indicates the volume change as a function of 

pressure. The bulk modulus is a central property that provides information about elas- 
ticity of Earth’s materials [27]. In order to determine the bulk modulus of ringwoodite 
we should consider only methods suitable for studying “small samples” in the 0.01-0.1 

mm range. Among these techniques, the most widely used are: 

(1) in-situ high-pressure X-ray diffraction, which allows under static compression 
conditions, determination of Kr by studying the unit-cell volume at different 
pressures and then fitting the pressure-volume data to some equation of state 
(see [28], EoSFIT7.c). 

(2) Brillouin scattering provides the adiabatic bulk modulus Ks and is based on the 
relationship between the acoustic elastic waves and the elastic moduli and den- 
sity. 

(3) Ultrasonic interferometry is based on wave velocity measurement; the seismic 
wave velocities Vp and Vs are related to Ks, to the shear modulus G, and to the 
density of a material. 


Finally, in addition to experimental studies there are several computational ap- 
proaches that should be considered; however, a detailed discussion of these is beyond 
the scope of this review. 

In order to compare the data obtained using the three techniques listed above, an 
expression relating Ks and Kr is required: Ks = Kr(1+ ayT), with a = thermal expan- 
sion, y= Griineisen parameter and T = temperature. At low temperature the difference 
between Ks and Kr is not larger than about 1%, which is of the same magnitude as 
the experimental uncertainty. However at high temperature such difference becomes 
significant and the conversion factor (1 + ayT) must be taken into account. For the 
purpose of a simplified comparison [29] at T = 298 the conversion factor is 1.099 for 
ringwoodite. 

Surprisingly, more research has been performed on the effect of water on the bulk 
modulus of ringwoodite than focusing on the same mineral under dry conditions. This 
is likely due to the discovery that ringwoodite can host significant amounts of water. In 
the following paragraph the bulk modulus (and thermal expansion) of dry ringwood- 
ite is analyzed and then the analysis is extended to data from hydrous ringwoodite. 

In Tab. 5.3 the values of adiabatic bulk modulus (Kr is converted in Ks by using 
the conversion factor of 1.099) and its first pressure derivative (where available) are 
reported for dry ringwoodite. In detail, data for Mg and Fe end-members and interme- 
diate compositions are separated. Analyzing Tab. 5.3 Mg ringwoodite shows general 
agreement among different studies with an average value of Ks = 191(11) GPa. The 
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Tab. 5.3: Adiabatic bulk modulus and its first pressure derivative for the ringwoodite-ahrensite solid 
solution. The data of bulk modulus obtained by X-ray diffraction were converted in adiabatic bulk 
modulus for purpose of comparison among different techniques. 


Composition Ks K' Technique Reference 
Mg SiO, 215 4 (fixed) X-ray diffraction [43] 
Mg SiO, 184 - Brillouin [44] 
Mg>Si0, 186 4.8 (fixed) X-ray diffraction [11] 
Mg2SiO, 184 4.2 X-ray diffraction [44] 
Mg>Si0, 199 4.19 Computational [45] 
Mg2Si0, 184 - Brillouin [46] 
Mg2SiO, 185 - Brillouin [47] 
Mg2SiO, 206 4.51 Computational [48] 
Mg2Si0, 185 4.5 Ultrasonic [49] 
Mg2Si0, 184 4.4 Ultrasonic [50] 
Mg2Si0, 185 4.2 Ultrasonic [51] 
Mgı.ssFeo.325i04 176 4 (fixed) X-ray diffraction [52] 
Mgı .saFeo.165i04 188 4.1 Brillouin [53] 
Mgı.sFeo.2SiQ4 192 4.7 X-ray diffraction [54] 
Fe,SiO, 209 4.8 (fixed) X-ray diffraction [11] 
Fe2SiO, 220 - Brillouin [46] 
Fe2SiOg 200 4.4 Ultrasonic [50] 
Fe2SiOg 203 4.4 Ultrasonic [51] 
Fe2SiO, 189 5.5 X-ray diffraction [13] 
Fe2Si0, 203 3.7 X-ray diffraction [55] 


first pressure derivative K’ on average is 4.35. For intermediate Mg-dominant composi- 
tions a similar behavior is observed as for the Mg-end member. For ahrensite (Fe2SiO,) 
alarge data scatter with values ranging from 187 to 220 GPais found. The average value 
of the adiabatic bulk modulus Ks is 204(10) GPa. The first pressure derivative K’ is on 
average 4.56, in good agreement with the Mg end-member. 

Fitting all data in Tab. 5.3 the following linear equation is obtained: 


Ks (GPa) = 203.73 - 0.1447 x (% Mg,SiO,) (5.1) 


The first pressure derivative K’ shows a general agreement with an average value 
of 4.4(4). The evolution of Ks as a function of Mg>SiO, end-member is displayed in 
Fig. 5.5. 


5.5.2 The effect of water on the bulk modulus of ringwoodite 


As ringwoodite can host a considerable amount of structural water in terms of OH 
groups and this significantly affects its crystal structure, it is quite reasonable to as- 
sume that water can also affect the thermodynamic properties. 

In Tab. 5.4 all available data on hydrous ringwoodite with Fe up to about 50 % and 
water content ranging from 0.40 to 2.80 H20 wt.% are reported. In a first step Fe-free 
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Fig. 5.5: Evolution of the adiabatic bulk modulus, K;, as a function of the Mg/Fe substitution along 
the ringwoodite-ahrensite solid solution. The solid line was obtained by using the data in Tab. 5.1 
and the relationship (5.1) reported in the text. 


ringwoodite with water content between 2.20 and 2.80 % (Tab. 5.2) is considered. The 
bulk modulus ranges from 165.8 to 149.4 GPa, with an average value of 159(7) GPa and 
an average K’ = 4.9(4). 
For Fe-richer samples with 1% H20, the bulk modulus increases to about 176- 
177 GPa and for samples with 0.4—0.7 % H20 the bulk modulus reaches the average 
value of Fe-free anhydrous ringwoodite (Mg>SiO,). In order to quantify the effect of 
water on the bulk modulus for Fe-free ringwoodite the following equation was ob- 
tained: 
K; (GPa) = 189.8 - 12.607 x (H20 wt.% in Mg, SiO.) (5.2) 


using data in Tab. 5.4 for hydrous ringwoodite and the average bulk modulus of equa- 
tion (5.1) for a Fe-free ringwoodite. In Fig. 5.6 the variation of K, for pure Mg>SiO, with 
the water content is shown. 

However, natural ringwoodite is always Fe-bearing requiring knowledge of the 
effect of H20 on a Fe-bearing variety. This could be attempted by combining equa- 
tions (5.1) and (5.2). For equation (5.1) the presence of Fe increases the bulk modulus, 
whereas for equation (5.2) the presence of water decreases Ks. 

Thus, equation (5.3) provides an empirical way of obtaining the adiabatic bulk 
modulus of ringwoodite as a function of Fe and H20 content. This equation (5.3) re- 
produces the data in Tab. 5.4 within an uncertainty of about +4 GPa if all uncertainties 
are propagated: 


Ks (GPa) = [203.73 - 0.1447 x (% Mg,Si0,) - 12.607 x (H20 wt.% in Mg, Si0,)] 
(5.3) 
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Tab. 5.4: Adiabatic bulk modulus and its first pressure derivative for hydrous ringwoodite-ahrensite 
solid solution. The data of bulk modulus obtained by X-ray diffraction were converted in adiabatic 
bulk modulus for purpose of comparison among different techniques. 


Composition Water content Ks K“ Technique Reference 
Mg2Si0, 2.80 % 149.4 5 (fixed) X-ray diffraction [56] 
Mg2Si0, 2.50 % 161 5.4 X-ray diffraction [23] 
Mg 2SiO, 2.30% 165.8 - Brillouin [57] 
Mg>Si0, 2.30% 166 4.37 Brillouin [58] 
Mg 2Si0, 2.20% 155 - Brillouin [23] 
Mg1.76Feo,24SiOg 1.00 % 176 4.8 (fixed) Ultrasound [59] 
Mgı.7sFeo.245i04 1.00% 177 5.3(4) Ultrasound [60] 
Mgı .zsFeo.245i04 1.00% 177 6.2 X-ray diffraction [61] 
Mgı.7sFeo.225i04 0.93% 169 7.9 X-ray diffraction [62] 
Mgı.soFeo.10Si04 0.79% 176 6.2 X-ray diffraction [61] 
Mgo.9sFeı1.025i04 0.70% 188 4 (fixed) X-ray diffraction [12] 
Mg1ı.22Feo.78Si04 0.40% 186 4 (fixed) X-ray diffraction [12] 
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Fig. 5.6: Evolution of the adiabatic bulk modulus, Ks, as a function of the water content in Mg2 SiO, 
ringwoodite. The solid line was obtained by using the data in Tab. 5.2 and the relationship (5.2) 
reported in the text. 


The calculation of (5.3) should not be affected by the first pressure derivative of K; as 
the average value for K‘ for anhydrous ringwoodite is 4.4(4) and 4.9(7) for hydrous ring- 
woodite. A simple average of these values and their standard deviations (K‘ = 4.7(8)) 
should yield a reliable result for any ringwoodite composition. 
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5.5.3 Thermal expansion of anhydrous and hydrous ringwoodite 


Thermal expansion, together with compressibility, represents one of the most impor- 
tant thermodynamic parameters. It could be simply defined as the volume variation 
as a function of temperature at a constant pressure being a(T) = V~1(dV/0T) (with 
the only constraint for such expression being a(T) = (0a/OT) = O at absolute zero, 
e.g. [28]). Different thermal expansion equations might be used: the Berman equa- 
tion, the Fei equation, the Salje equation, the modified Holland and Powell equation 
or the Kroll form of the Holland and Powell equation as described in detail in [28]. 
Literature data are applied in this review to determine the volume thermal-expansion 
coefficient at 298 K, ayo for anhydrous ringwoodite. Only one anhydrous intermediate 
composition between ringwoodite and ahrensite has been taken into account. 

The thermal expansion data for “dry” and hydrous ringwoodite are reported 
in Tab. 5.5. The data for anhydrous Mg,SiO, show in general significant scatter 
but the average value is ayo = 2.3(5) x 10°? K’!. The intermediate composition, 
(Mgo.91Feo.09)2SiO4, shows a similar volume thermal-expansion and also anhy- 
drous Fe2SiO, has an average value of ayo = 2.3(2) x 107° Kt. Apparently, there 
is no change in thermal expansion along the ringwoodite-ahrensite solid-solution 
series. 


Tab. 5.5: Volume thermal expansion data for anhydrous and hydrous ringwoodite-ahrensite solid 
solution. 


Composition Water content avo (x10-°/K) Technique Reference 
Mg2Si0, 0 1.90 X-ray diffraction [63] 
Mg>Si0, 0 2.37 Calorimetry [64] 
Mg>Si0, 0 1.77 X-ray diffraction [47] 
Mg>Si04 0 2.70 HPVS* [65] 
Mg>Si0, 0 3.07 X-ray diffraction [24] 
Mg SiO, 0 2.57 X-ray diffraction [66] 
Mg SiO, 0 1.97 Computational [67] 
Mg2Si0, 0 2.74 Computational [68] 
Mg2Si0, 0 1.75 Computational [69] 
Mg1.82Feo.1gSiO4 0 2.50 X-ray diffraction [70] 
Fe2 SiO, 0 2.30 X-ray diffraction [71] 
Fe2SiO, 0 2.46 Thermochemical [72] 
Fe2SiO, 0 2.62 X-ray diffraction [73] 
Fe2SiO, 0 2.15 Computational [74] 
Fe2 SiO, 0 2.13 Computational [75] 
Mg SiO, 2.60 % 2.73 X-ray diffraction [23] 
Mg SiO, 2.50% 2.90 X-ray diffraction [24] 


*High-pressure vibrational spectroscopy 
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Few results [30] are not covered by Tab. 5.5. The excluded data were affected by 
“disequilibrium irreversible expansion starting already at 606 K” [30]. For water con- 
tents between 2.50 and 2.60 wt.% H20 the average thermal expansion coefficient is 
avo = 2.8(1) x 107° Kt. Although only two data sets are used for the present com- 
parison, it seems that water increases the thermal expansion of ringwoodite by about 
17-18 %. Combining the data in Tab. 5.5 the following equation is derived: 


Ayo = 2.316 x 107° K`! + 0.195 x (wt.% H20 in Mg,SiO,). (5.4) 


Equation (5.4) thus takes into account the effect of Fe and water on the thermal expan- 
sion coefficient of ringwoodite. 


5.5.4 Thermo-elastic properties of ringwoodite: implications for Earth Sciences 


How could the change of the bulk modulus and of the thermal expansion as a func- 
tion of composition and water content be used in Earth Sciences obtaining geophysical 
information? It was recently demonstrated that the new approach of so-called “elas- 
tic geobarometry” can be applied to any mineral inclusion entrapped in a mineral 
host. Such an approach, developed by Angel et al. [31], is mainly based on the dif- 
ference of thermo-elastic properties between host and inclusion and on the residual 
pressure to which the inclusion is still exposed when the host is at atmospheric pres- 
sure. A very good example is represented by diamond and its mineral inclusions. Due 
to the very high bulk modulus and very low thermal expansion coefficient, diamond 
shows a much smaller expansion when it reaches the surface from the mantle. In con- 
trast, the inclusions in diamond tend to expand much more as their thermo-elastic 
properties are strongly different from those of diamond. In general, diamond has at 
least a 2-3 times larger bulk modulus than common silicates found in it as inclusions 
and a thermal expansion, which is at least 3 times smaller [31]. This means that, for 
those diamond-inclusion pairs not showing any cracks at atmospheric pressure, the 
inclusion is always under some pressure (i.e. 0.4-0.5 GPa, see [15]), which is called 
“residual or remnant or internal pressure”. 

If such a geobarometric method is applied to the diamond-ringwoodite pair impor- 
tant information on the possible depth of entrapment can be obtained. The software 
EosFit7c [28] was used to perform the calculation of the elastic properties for a pure 
Mg anhydrous ringwoodite, a Fe-rich ringwoodite, and a very hydrous ringwoodite like 
the one found in the Brazilian diamond by Pearson et al. [32]. 

A ringwoodite host within diamond, not surrounded by cracks, is assumed to have 
a possible internal pressure of 5GPa. For a temperature of 2000 °C in the transition 
zone, a pressure of formation (or entrapment) for the diamond-ringwoodite pair can 
be calculated that is equal to 22.7 GPa for a pure anhydrous Mg ringwoodite. Adding 
some Fe (20 %) to the anhydrous ringwoodite such calculation provides a pressure of 
22.9 GPa, so the difference is not significant as the bulk modulus and the thermal ex- 
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pansion as a function of the Mg/Fe substitution do not show large variations (at least 
for limited substitutions). If instead, the same calculation is performed for a hydrous 
ringwoodite, with a water concentration (ca. 1.4 wt.%) similar to the one found in a di- 
amond inclusion [32], then at 2000 °C the pressure of formation is reduced to 17.2 GPa. 
These results are of high importance because it is known that the pressure of forma- 
tion obtained above for anhydrous ringwoodite (regardless the Fe content at least up 
to 20 % in molar fraction of Fe2SiO,) are too high and fall in the ferropericlase + bridg- 
manite stability field. In contrast, the pressure of formation obtained for hydrous ring- 
woodite leads to the transition zone at about 515-516 km depth, which nearly overlaps 
with the wadsleyite — ringwoodite phase boundary. Thus, this is proof that the pres- 
ence of water decreases the pressure of the ringwoodite stability field. However, the 
true values are strongly dependent on the quality of the thermo-elastic parameters. 
To conclude, we hope that in future it will be possible to measure the unit-cell param- 
eters and the crystal structure of a natural ringwoodite still trapped in a diamond in 
order to obtain reliable geobarometric data. 


5.6 Ascent of diamond-bearing kimberlite magma 


The discovery of ringwoodite in diamond not only provided a new scenario relatively 
to the real amount of water stored in Earth but at the same time it could provide new 
constraints on the debate about the ascent velocity of diamond-bearing kimberlite 
magmas. This topic has been strongly discussed in the literature and still doubts re- 
main. The literature data suggest an ascent velocity from some meters per second to 
tens of meters per second [33]. 

One of the most recent contributions to this issue originates from Baruah et al. 
[34]. These authors tackled the “rapid ascent problem” by a multi-directional ap- 
proach: they took into account (a) the kinetics of the diamond-graphite transforma- 
tion, (b) the settling velocity of diamond phenocrysts in magmas, (c) the formation 
of ruptures during high-speed magma ascent. Such an approach is reasonable, as 
none of the above points must be neglected to provide a reliable value of ascent 
velocity. 

In detail, Baruah et al. [34] measured the degree of graphitization of diamond as 
a function of the ascent velocity in a synthetic kimberlitic diamond-bearing magma 
(also varying the starting compositions). Even if the authors cannot provide a “single 
number” for their final results they propose an ascent velocity higher than 10 m/s. It 
must be remarked that even for this ascent velocity they find some degree of graphiti- 
zation on very small diamonds. Unfortunately, the authors [34] did not provide mea- 
surements for velocities higher than 10 m/s. Averaging their measured data, a reason- 
able velocity for large diamond with no evidence of graphitization can be estimated to 
be around 20 m/s (or about 72 km/h). Octahedral lithospheric diamond, up to several 
mm large, with no traces of graphitization is quite common (see [35]). For such dia- 
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monds the ascent time may be estimated to last a couple of hours assuming a possible 
depth of formation at around 150 km [15]. 

If for “super-deep” diamonds similar ascent velocities are assumed, such dia- 
mond travels from the transition zone, about 550km, to the surface in less than 8 
hours. It is known from ringwoodite found in a Brazilian diamond that its host dia- 
mond crystallized at least at a depth of 525 km. However, it remains unknown whether 
the diamond reached the Earth’s surface in one single “trip” from 525 km or this long 
journey had multiple stages, characterized by a first very fast ascent reaching some 
depths under the cratonic area at which the temperature was too low to allow back- 
transformation of ringwoodite to olivine. Unfortunately, there are no kinetic data that 
could reveal how fast the back-transformation of ringwoodite to olivine is, and at the 
same time it needs to be considered that such a transformation should occur inside 
diamond. Thus, for a meaningful study of such kinetic processes it will be necessary 
to obtain large diamond crystals containing ringwoodite and at present such experi- 
ments appears to be highly unlikely. 


5.7 Ringwoodite and the Earth’s storage water capacity 


The Earth’s water storage capacity is one of the most debated scientific issues in Earth 
Sciences. For decades scientist have been trying to find out how much water is stored 
in our planet. Several investigations addressed this topic and one of the recent reviews 
[36] indicates a total mass of water equal to 3.04 x 1024 g. An even more recent review 
[37] recalculates the mass of water at 5.50 x 1074 g. This difference is primarily due to 
the crucial discovery [32] of a crystal of hydrous ringwoodite enclosed within a “super- 
deep” diamond from Brazil characterized by a water concentration of about 1.4 wt.% 
(Fig. 5.7). A recent study [38] confirmed this water concentration by using a new IR 
calibration and reported a concentration of 1.43(27) wt.% H20 for the ringwoodite in- 
clusion [32]. This water concentration represents about 50 % of the maximum water 
solubility in ringwoodite and is different from previous assumptions about natural 
ringwoodite compositions. Furthermore, if ringwoodite is hydrous there are no rea- 
sons to think that wadsleyite is not. Even if these two minerals in the transition zone 
could host half of their maximum water solubility, as found in laboratory, such a find- 
ing could change the complete scenario of the water cycle on our planet. This dis- 
covery would also explain why, compared to the amount water determined for CI car- 
bonaceous chondritic meteorites, which is about 10 % ([39] and references therein), 
the Earth appeared so dry. Apparently the difference between the water content on 
the Earth and that in CI chondrites is much smaller than that previously estimated 
and this could be due to ringwoodite and wadsleyite in the transition zone. 

Some authors actually suggested that ringwoodite found in diamond may only 
represent a locally water-rich enrichment and be unrepresentative of the real water 
concentration of the transition zone (e.g. [40]). Although this explanation cannot be 
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HYDROUS 
RINGWOODITE 


Modified from 
Keppler (2014) 
and 
Pearson et al. (2014) 


Super-deep diamond 
x A 1mm 
from Juina, Brazil on 


Fig. 5.7: Dr. Graham Pearson (top left) holding the diamond from Juina in which for the first time 
hydrous ringwoodite was found in the Earth [32]. On bottom left a magnification of the diamond and 
on top right a magnification of the tiny hydrous ringwoodite grain. The images are modified from 
[32] and [40]. The picture of the diamond is from Richard Siemens (University of Alberta). 


ruled out, a recent study on the transformation of hydrous ringwoodite to MgSiO3 
bridgmanite plus (Mg,Fe)O (occurring at 660 km depth) documented the formation 
of intergranular melt and this might be consistent with large hydrated regions in the 
transition zone [41]. Moreover, a strongly hydrated transition zone has been proposed 
by geophysicists (i.e. [42]) and although the level of hydration of the transition zone 
has not been proven conclusively, thanks to ringwoodite any future geophysical model 
of this region and of the entire Earth must take into account much more water than 
previously thought. 
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